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ABSTRACT

Prediction formulae for estimating the peak equivalent power density in the near-field of cellular 

basestation array antennas are demonstrated. Theoretical justification stemming from a uniform

asymptotic expansion of the field radiated by collinear arrays is described, and verification is 

carried out by means of an extensive computational analysis of different classes of base station 

antennas. The formulae, which depend on a few, readily available parameters, can be conven-

iently employed for the estimation of compliance distances with respect to RF safety guidelines 

issued by the International Committee on Non-Ionizing Radiation Protection (ICNIRP), which 

have been adopted in many countries throughout the world, without requiring extensive and ex-

pensive near-field measurements campaigns.
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I. INTRODUCTION

The most widely adopted international RF safety guidelines are those issued by the IEEE [1] and 

by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) [2]. They both 

establish free-space incident field limits for the human exposure to RF energy sources. However, 

in both cases the primary dosimetric quantity for assessing the human exposure to electromag-

netic fields is the specific absorption rate (SAR), i.e., the time-rate of RF energy absorption per 

unit mass [3]. Correspondingly, the techniques enabling compliance assessments belong to the 

fields of RF densitometry or RF dosimetry.

The IEEE C95.1-1999 Standard establishes so called maximum permissible exposure

(MPE) limits for free-space field quantities such as the rms electric and magnetic fields, and the 

corresponding equivalent power density. The rationale is that meeting MPE limits ensures SAR 

compliance as well, thus enabling the choice of simpler densitometry techniques rather than far 

more complex SAR measurements [4] for compliance assessments. The ICNIRP guidelines fol-

low essentially the same approach by defining "reference limits" for the free-space incident field 

quantities. Both documents also differentiate between controlled and uncontrolled environment

[1] (called occupational and general population exposure in [2]) by introducing a five-fold limit

reduction for the latter. Exposure levels experienced in the near-field of basestation arrays are 

typically in the range of the occupational limits, and the corresponding compliance distances 

may restrict the activity of personnel engaged in maintenance or installation activities on towers 

or rooftops. The IEEE MPE limits have been adopted by the FCC (Federal Communications

Commission) in the United States, as well as by regulatory agencies in several other countries. 

Many other countries, including most of Western Europe, have adopted the ICNIRP guidelines 

as the basis for their respective RF exposure standards. 

Besides minor differences in exposure thresholds, the IEEE and ICNIRP guidelines differ 
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in the way the exposure level is assessed: average over the bystander’s projection area (in prac-

tice, the height) for IEEE, point-peak for ICNIRP. In the far-field of large radiators such as bas-

estation antennas, the peak and average incident field are about the same, so the mentioned dis-

tinction is not likely to make a significant difference when assessing compliance for the general 

population. However, the near-field distribution along a line parallel to the array axis can be 

highly irregular because it is produced by superposition of the field radiated by each array ele-

ment. Therefore, the average and the peak equivalent power density are different in the Fresnel 

region of the array, before the onset of the far-field propagation regime.

RF exposure compliance at and near radio base station installations 

Many researchers have addressed the problem of providing convenient and accurate methods for 

assessing RF exposure compliance in the proximity of base station installations. MPE measure-

ments and simulation techniques are recommended in [5]-[6]. In [7], a practical method to carry 

out broadband and narrowband on-site surveys is discussed. A methodology based on near-field 

measurements is presented in [8]. MPE can also be determined analytically by summing-up the 

radiated field by individual array element, as described in [9]-[11]. Ray-tracing techniques, 

which allow to model accurately urban and suburban environments, have been employed in [12]-

[13]. Methodologies to estimate SAR have been developed as well. The use of a massively paral-

lel computational approach based on the application of the Finite-Difference Time-Domain

(FDTD) method to very large computational domains is reported in [14]. Hybrid methods are 

frequently preferred, to limit the FDTD domain to the volumes immediately surrounding the an-

tenna and the exposed subject. A clever combination of measurements and FDTD simulation is 

proposed in [15]-[16], yielding a methodology that can be applied at any distance from the base 

station antenna. Similarly, the hybrid computational technique described in [17] can be applied 
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in the near and far-field regions. Finally, the hybrid computational techniques described in [18]-

[19] can be usefully employed to estimate SAR in exposed subjects in the antenna far-field, tak-

ing urban environment into account. Recently, many of the above mentioned techniques were 

summarized and employed to devise a compliance assessment methodology in [20]. 

Recently, we have studied the propagation characteristics of the electromagnetic field 

radiated by collinear array antennas employed in base station installations [21]-[22]. The antenna 

near-field was shown to exhibit a marked cylindrical character up to large electrical distance 

from the array, for both omnidirectional and sector arrays. This analysis provided theoretical jus-

tification to the observations reported in [23], [24], based on measurements at broadside of a col-

linear array, which led to the introduction of the cylindrical prediction model into compliance

guidelines [5]-[6]. In [21], a set of simple formulae was derived to enable the estimation of the 

average equivalent power density in the array near-field, thus yielding a simple method for es-

tablishing compliance distances according to the IEEE safety standard. Prediction formulae for 

reflector-backed arrays were derived as well, supported by experimental validation. However, 

the formulae proposed in [21] would not enable compliance assessments per the ICNIRP guide-

lines, which require the estimation of the peak value of the power density. The present paper at-

tempts to fill this gap by addressing the estimation of the peak incident power density, which is 

the relevant compliance parameter in all those countries that have adopted the ICNIRP guide-

lines. In particular, we will establish an upper bound for the peak-to-average power density ratio 

along the broadside direction, i.e., where the highest exposure occurs. Based on the spatial-

average power density definition in [21], and adopting the reference frame in Fig. 1, said ratio is 

defined as 
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where peak  is the radial distance where the peak ratio occurs, while the local equivalent power 

flow density along a generic radial direction  is defined as r̂
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where the last equality holds for harmonic signals, assuming (and suppressing) from here on a 

time dependence j te . The peak-to-average power density ratio (1) will be suitably incorporated 

in the average power density formulae established in [21] to yield prediction formulae for the 

peak power density. Notice that the equivalent power density (2) differs from the one computed

based on the E-field or H-field magnitudes [1]. As discussed in [21], such a difference is particu-

larly significant in the reactive near-field of the array elements, which is why the validity range 

of our analysis is stated for distances greater than one wavelength, while SAR measurements are 

required at shorter distance. 

The paper is structured as follows. In Section II, a uniform asymptotic expansion of the 

array near-field is outlined, which allows establishing the main characteristics of the peak power 

density in the Fresnel region of the array field. In Section III, upon correlating peak and average 

power density, a set of simple formulae for the estimation of the peak power density in the array 

near-field is derived for both omnidirectional and sector arrays, and their validity range is dis-

cussed. Simplified prediction formulae for the compliance distance are also proposed in Section 

III. The results of the extensive validation performed on the formulae are reported in Section IV, 

and concluding remarks are presented in Section V.
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II. ASYMPTOTIC FIELD EXPANSION NEAR COLLINEAR ARRAYS

For a better understanding of the topic presented in this section, a synthetic description of the 

asymptotic methodology developed in [22] to analyze the field radiated from arbitrary collinear 

array antennas is provided in Appendix A. The reader is encouraged to consult [22] for a thor-

ough examination of the subject. 

A collinear array antenna is sketched in Fig. 1. The array of length L  is formed by col-

linear wire radiators placed along the z-axis of a cylindrical reference system ˆ ˆ ˆ( , , )z . Our goal 

is to establish the physical law governing the spatial evolution of the power density produced by 

collinear array antennas that radiate broadside, such as those employed in cellular and radio base 

stations. Therefore, without loss of generality, we focus our attention on the spatial distribution 

of the fundamental (zero  order) Truncated Progressive Floquet Wave (TPFW), which fea-

tures the highest relative strength broadside [22]. In particular, we will analyze the field behavior 

on the  plane, because that is where the phase combination of the diffracted and geometri-

cal optics (GO) fields produces the widest magnitude swings of the fundamental TPFW total 

field, as it will be clear from the corresponding electromagnetic field expressions. Within the 

limitations discussed in next Section, the ensuing formulation is applicable to broadside arrays 

that exhibit slight electrical down-tilt of the radiation pattern. 

th

0z

The electromagnetic field components that contribute to real power flow along the radial 

direction  on the  plane are 0z

40
0

22
4

2,0 ~
4

4 11 1 1 1
2 2

j

z

j r

t

I
E j e

r r F j r e
L r  (3) 

6



Cicchetti and Faraone Estimation of the peak power density in the vicinity of cellular and radio base station antennas

40

4

2,0 ~
4

4 11 1 1 1
2 2

j

j r

t

I
H j e

r r F j r e
L r  (4) 

where  and 0  are the free-space wavenumber and magnetic permeability,  is the angular 

frequency, while 

22 / 2r L         (5)

is the distance from the array tips, and tF  is the transition function defined in Appendix B. 

Using the large argument asymptotic representation of the transition function  as tF 0 , it 

is possible to express the field components zE  and H  along broadside ( ), before the tran-

sition toward the spherical wave-propagation regime, as follows 
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These expressions clearly show that the typical cylindrical wave character of the GO field domi-

nates near the antenna axis. The terms in braces express the field perturbation caused by diffrac-

tion at the array truncations.

The rms equivalent power density along broadside ( 0 ) is computed as follows 

*1 ˆ ˆˆ, 0 Re ,0 ,0 ( ) Re , 0
2

GO
z cylS E H S Tz , (8)

where 2GO
cyl radS W L  is the GO-field equivalent power density (derived in Appendix C), 

and
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Interference processes, which are modulated by the phase difference between the GO and the 

diffracted field contributions, produce the oscillating term Re ( ,0)T . As shown in Appendix 

D, this term peaks at a distance

2

0

2
5peak

L ,         (10)

where the array field begins to decay towards the spherical wave-propagation regime. The corre-

sponding peak overshoot Re  of the local equivalent power density with respect to 

its average value  features the following limit value for very large arrays (

( ,0)peakT

GO
cylS L )

2

2 10 cos
8Re ( ,0) 1 4 1.906 2

5peak peakR T .   (11) 

The fluctuation of the term Re  with the distance is displayed in Fig. 2 for different 

electrical length 

( ,0)T

0L of the antenna, showing the accuracy of (10) in predicting peak  (the verti-

cal dotted line indicates the equation’s domain of validity). The accuracy of (11) can be inferred 

from Fig. 2 as well, which shows the monotonic increase of peakR  versus the array’s length. No-

tice that the limit (11) is substantially reached for 0 4L

peakR

, i.e., for the vast majority of antennas 

used in cellular basestation installations. By using 2  for shorter arrays ( 0 4L ), for 

instance those employed in many VHF or UHF dispatch systems, a conservative bias is intro-

duced in the assessment.

As a final observation, notice that Eq. (9) can be written as a function of only two pa-
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rameters, i.e., the array electrical length ( 0/L ) and the electrical distance from it ( 0/ ).

III. PREDICTION FORMULAE FOR THE SPATIAL-PEAK POWER DENSITY

We addressed the problem of deriving simplified expressions for the spatial-average power den-

sity due to array antennas in [21]. Spatial averaging is intended along a line parallel to the array 

axis, having the same length as the array. The ensuing prediction formulae enable the assessment

of the RF exposure compliance in many practical situations. However, there are other cases 

where they are not useful because the applicable regulations require estimating the peak power

density [2], not the average, at some distance from the antenna. The results presented in the pre-

vious section lead to a straightforward solution of this problem.

Let us start from the average power density prediction formula proposed in [21] for om-

nidirectional collinear arrays, that we herewith rewrite in terms of the GO-field equivalent power 

density

02

0

2
1

GO
cyl

A

S LS , D ,      (12)

where  is the antenna broadside directivity. This formula does not account for the field fluc-

tuations caused by the diffraction phenomena due to the array truncation. As a consequence, it 

underestimates significantly the peak power density in the neighborhood of 

AD

peak . However,

since we were able to establish an upper bound for the peak-to-average power density ratio 

( 2 ), it is possible to modify (12) to produce an estimate for the peak power density. Upon 

introducing the magnifying factor  in (12) to account for the peak-to-average power 

density ratio in the array near-field, the peak power density produced by omnidirectional collin-

peakR

2peakR
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ear arrays can be predicted as follows 

02 2

0 0

ˆ ( ) ,
2

1 1 2

GO
cyl peak rad

A

peak

S R W LS D

R L

, (13)

where W  is the net radiated power, which can be expressed as W erad rad A fwdW

fwd

, where e  is the 

antenna efficiency accounting for ohmic and mismatch losses, and W  is the forward power at 

the antenna connector, where conducted power measurements can be performed. This formula

allows the accurate estimation of the equivalent power density at the distance 

A

peak  while pro-

viding an overestimate at closer distances, thus enabling conservative compliance assessments

near basestation installations. Notice that the factor peakR  appears also at the denominator in (13) 

so as to yield the conventional expression of the power density in the far-field region 

2
ˆ ( ) ( )

2 4
GO A radA
cyl

D WD LS S S .     (14)

The formula for omnidirectional arrays can be modified for sector arrays by taking into account 

their azimuth pattern , as outlined in Appendix E. In this paper, we follow a slightly differ-

ent approach compared to [21] to derive the sector-array formula, which is preferable as it does 

not require knowledge of the back-reflector's angle, whereby the peak power density prediction 

formula for sector arrays becomes

2
3

3
02

3
0

2ˆ , ,
6

1 2

dB
rad dB

A

dB

WS

L

D L .    (15)

where 32 dB  is the azimuth half-power beamwidth. Once again,  has been assumed.

Evidently, as in (14), also in this case 

2peakR

2ˆ ( ,0) 4A radS D W  as .
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For arrays that exhibit a slight electrical down-tilt (typically 4-10 degrees), the prediction 

formulae (13), (15) maintain good accuracy at close distances in the array Fresnel region, where 

the radiation pattern has not yet established. The accuracy can be maintained at all distances and 

even in the far-field, provided the expressions are reformulated in a suitable reference frame de-

fined by the direction of peak directivity in the elevation plane, as outlined in Appendix F. 

As shown in [25], the formulae maintain good prediction accuracy also in the case of ar-

rays that feature non-uniform feeding profiles, which are frequently employed to produce low 

side-lobe levels or particular ground illumination, e.g., cosecant-square elevation beams.

III.a Simplified expressions for the compliance distance 

For a specific peak ( ) or average (Ŝ S ) exposure limit, the corresponding compliance

distance can be determined straightforwardly by inverting (13), (15), or (12), (E8) to determine

. The exact expressions, as well as analytically simpler, approximate expressions of the solu-

tions are reported below 

2

0 0 24

1 4 1
2 1

q qS
q

,     (16a)

2

0 0 24

1 64 1 2ˆˆ
8 1 4

q qS
q

,    (16b) 

where the parameters 0  and q  are provided in Table I for omnidirectional and sector arrays.

Observe that the sector array parameters could have been derived from the corresponding 

expressions for omnidirectional arrays by formal substitution 3dB ; that is, except for the 

Gaussian shaping term. The same can be said for all the prediction formulae derived so far. 

Physically, it is as if the antenna radiates the RF power uniformly within an azimuth sector with 
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semi-aperture angle equal to 3dB  rather than , as it would do for omnidirectional arrays.

S

2)

The approximate expressions in (16) are plotted in Fig. 3a as a function of the parameter

q. As seen in Fig. 3b, they introduce a slight conservative bias (about 8% overestimation at most)

of the compliance distance in the near-field of the array, compared with the exact expressions. 

An additional conservative bias may be introduced if  is increased by a factor q 1, which has 

the same effect as decreasing . In doing so, the compliance distance would increase by the fac-

tor  in the array near-field, which is cylindrical in character, and by a factor  in the far-

field, where the spherical field character induces sharper power density decay. This approach has 

been essentially adopted in a few instances, e.g., an Italian law regulating public exposure to 

electromagnetic fields [26] essentially established a factor 2  to allow the use of theoretical 

prediction methods in lieu of measurements. Notice that applying the factor  directly to the 

compliance distance (16) would be incorrect, as it would not account for the different field decay 

character near and far from the antenna, thus resulting in excessive additional bias in the antenna 

far-field.

III.b Discussion 

The transition-point distance can be expressed in terms of the far-field compliance distance ( ,

as defined below) through the parameter q introduced earlier 

3
0

( /

,
4

,
2 ,

4

dB

rad A

rad A

W D omnidirectional arrays
S

q
W D sector arrays

S

 , (17)

so the compliance distance expressions (16) can be rewritten as follows
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2
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21
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,        (18a)

2

4 2

4ˆ
1 4

q
q

,        (18b) 

thus pointing out the functions describing the transition from the near-field cylindrical behavior 

of the array field to the far-field behavior. As a matter of fact, Eqs. (18) show how the parameter

q incorporates nicely all the factors affecting the transition of the compliance distance from the 

cylindrical to the spherical propagation region, as well as their relative contribution. Obviously, 

the compliance distance increases with the radiated power W  and decreases with increasing 

power density limit S. The antenna length L and the azimuth beamwidth angle 

rad

3dB  are fairly in-

dependent parameters. From classical array theory, directivity ( ) is inversely proportional to 

both azimuth and elevation beamwidths, while the electrical array length is inversely propor-

tional to the latter. Therefore the parameter q is inversely proportional to 

AD

3L  ( 3
3dB L  for sector 

arrays), thus leading to the otherwise intuitive conclusion that, everything else being the same,

larger arrays allow closer compliance distances because of the corresponding decrease of the 

field energy density. Similarly, the compliance distance decreases with larger azimuth beam-

width ( 3dB ) because of correspondingly wider angular spread of RF energy. Notice that the 

above considerations hold unless the antennas exhibit different peak EIRP (effective isotropic 

radiated power, i.e., the product Wrad AD ), since EIRP appears in the expression of .

IV. VALIDATION OF THE PREDICTION FORMULAE

The prediction formulae for the peak equivalent power density were derived after establishing an 

upper bound for the peak to average power density versus distance. Therefore the parameter
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2peakR , which was central to said derivation, will be verified first. Then, the accuracy of Eqs. 

(13), (15), enabling the peak power density prediction for omnidirectional and sector arrays, re-

spectively, will be assessed. Finally, the accuracy of the simplified compliance distance equa-

tions (16) will be verified, also in the case of arrays featuring an electrical tilt of the main beam.

Whenever applicable, the analysis will be presented using normalized distance units, the free-

space wavelength being the normalizing factor. 

IV.a Peak-to-average power density ratio 

This analysis is aimed at establishing the accuracy of the parameter peakR  defined in (11) by 

evaluating numerically the field radiated by realistic array antennas. In so doing, we will also 

verify some of the intermediate steps leading to (11), such as the assumption that the absolute 

peak of the equivalent power density lay on the 0z  mid-plane where the maximum relative 

phase swings between GO and diffracted field occur, and the consequent estimation of the peak 

distance (10). Therefore, in this analysis, two quantities are tracked. One is the power density 

peak-to-average ratio versus distance 

| | / 2

| | / 2

,max

,avg
z L

z L

S z

S z
R ,       (19)

and the other is the ratio between the power density at the array mid-plane ( ) and the aver-

age

0z

| | / 2

,0

avg ,
z L

S

S z
M .      (20)

The Numerical Electromagnetic Code [27] was employed to derive all the results, after testing its 

accuracy with other two commercial moment-method codes: the General Electro-Magnetic code 
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(GEM) [28]-[29], and IE3D [30].

In particular, we have analyzed two omnidirectional collinear arrays, featuring five and 

eight half-wave resonant dipoles, respectively, and two five-element sector arrays (shown in Fig. 

4), one vertically polarized and the other horizontally polarized. Following the notation intro-

duced in Fig. 1, all arrays feature inter-element distance 0 , with the exception of the hori-

zontally polarized sector array in Fig. 4b ( 00.85 ).The five-element omnidirectional array, 

of length 04.5L

dBi

, comprises equally fed collinear dipoles yielding peak directivity 

 at broadside. The transition-point distance is 9.62AD 0 20.6 0 , while the peak distance 

is 08.1peak . The eight-element collinear array length is 07.5L , as it features equally fed 

dipoles yielding peak directivity 11.76AD dBi  at broadside. The transition-point distance is 

0 56.2 0 , while the peak distance is 022.5akpe . The ratios R  and M  are plotted 

in Figs. 5a, 5b for the five-element and the eight-element array, respectively. As plot abscissas 

are normalized to peak , a vertical dotted line indicates 0 , i.e., the lower validity bound of 

the prediction formulae. These results show the remarkable accuracy of Eqs. (10)-(11) in predict-

ing distance from the antenna and amplitude of the power density peak. As shown by the con-

vergence of the two ratios, it is also verified that the absolute peak actually occurs at the array 

mid-plane, as we had hypothesized on the basis of physically intuitive arguments. Such a finding 

further remarks the dominant role of the zero-th order current harmonic in establishing the fun-

damental characteristics of the field radiated by broadside collinear arrays.

The electrical dimensions of the five element sector arrays are provided in Fig. 4. In 

NEC, the metal reflector surfaces were modeled using a wire grid with 0 / 20  mesh size. The 

vertically polarized panel array exhibits 74-degree half-power azimuth beamwidth ( 0
3 37dB )
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and peak directivity  at broadside, yielding 16.2AD dBi 0 022.4  and 010peak . Notice 

that the transition-point and peak distances obtained in this case are almost identical to those of 

the five-element omnidirectional array, even though there is an almost five-fold difference in di-

rectivity. Actually, the small difference in 0  and peak  can be wholly attributed to the different

electrical length, which is about 10% larger for the sector array due to the back-panel. Looking 

at the expression for 0  in Eq. (15), the five-fold directivity difference is compensated by the 

factor 3 / 6 0.108dB , which is about five times lower than the corresponding factor (0.5) in the 

0  expression for omnidirectional arrays (13). The physical interpretation to the above observa-

tion is based on the diffraction phenomena, whose impact on the array near-field behavior ex-

tends up to distances where the phase delay difference from different antenna current elements is 

still significant. Since the antenna geometry extends mainly in height, whereas its width is com-

parable with the field wavelength, the field transition processes towards the spherical wave-

propagation regime are dominated by the diffraction at the array tips, i.e., by the array length, not 

by the azimuth distribution of RF energy. As a matter of fact, the relevance of the array length, 

above all other antenna parameters, was already implicit in the expression of peak  (10), where 

the array length plays the only significant role. Notice that typically the difference in length be-

tween the active array elements and the reflector is kept small enough to limit the antenna to a 

reasonable size and achieve at the same time the desired pattern front-to-back ratio. The reflec-

tor’s current produces a significant diffractive contribution to the total field when the physical 

truncation affects its currents significantly. Should the back-plane extend further, its diffractive 

effect in the broadside direction would reduce because the currents would be less perturbed. In 

this case, it is to be expected that the mirroring function performed by the back-plane would be 

more effective, meaning that the antenna behaves more as if the radiation process is due to the 
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active elements and their mathematical images. Therefore, the effective antenna length would get 

closer to the physical length of the active element array and the reflector’s dimensions would 

play a lesser role. 

The horizontally polarized panel array exhibits 60-degree half-power azimuth beamwidth

( 0
3 30dB ) and peak directivity 16.44AD dBi  at broadside, yielding 0 015.4  and 

06.4peak . In this case it is even more evident that the array length plays the central role in 

determining the fundamental antenna characteristics, even though the current polarization is or-

thogonal to the antenna’s largest dimension, i.e., its length.

The accuracy of the Gaussian shaping function (E4) describing the azimuth dependence 

of the array pattern can be inferred from Fig. 6, showing excellent agreement along directions 

3dB . Accuracy degrades rapidly for 31.5 dB , because the Gaussian profile fails to de-

scribe the sideways energy spread due to edge diffraction effects. However, such a discrepancy 

is of no concern and is well worth the analytical simplicity that (E4) provides to (15), as the di-

rections 3dB  are those of practical interest for compliance assessments. Other profiles, ana-

lytical or interpolated from pattern data, can always be employed as shown in Appendix E to im-

prove accuracy, if one so desires. 

In Fig. 7 we report the ratios R  and M , for the vertically polarized and the hori-

zontally polarized sector arrays, respectively. Once again, we observe a remarkable agreement

with the predictions of Eqs. (10)-(11). Also for sector arrays, the absolute peak occurs at the an-

tenna mid-plane, as shown by the convergence of the two ratios about peak .

A common behavior is observed in all the cases analyzed in Figs. 5 and 7, in that the 

power density peaks around peak  at about twice the average, and then starts its monotonic de-
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cay. Said peak is not exceeded at distances closer to the array, except in the reactive near-field of 

the array elements ( 0 ), where exposure should be assessed on the basis of SAR. 

030

IV.b Accuracy of the power density prediction formulae 

The aim of this analysis is to provide an example of the prediction error that would be experi-

enced applying the peak and average power density prediction formulae to the array antennas 

introduced earlier. The error is counted positive if the prediction formulae overestimate the ac-

tual exposure level, as computed using NEC. In Fig. 8 we report the prediction error for the five 

and eight-element collinear arrays, in the broadside direction where the aerials exhibit peak gain. 

The corresponding results for the sector arrays are presented in Fig. 9. Peak and average power 

density converge asymptotically, providing an overestimate of the exposure in the array near-

field except for a slight underestimation around the transition-point distance 0 . In all cases, the 

overestimate is more pronounced for the peak power density.

As expected, the omnidirectional array formulae provide an exact prediction in the far-

field, whereas the sector array formulae preserve a 0.2 dB asymptotic error due to the approxi-

mations introduced in Eq. (E8) ( / 3 0.2
dB

dB ). The asymptotic error may vary with the azi-

muth angle due to the additional error introduced using the Gaussian function to describe the 

azimuth pattern variation, as shown in Fig. 10 for the vertically polarized sector array. The pre-

diction error for  converges to about 0.25 dB asymptotically; the extra 0.05 dB is pro-

vided by the slight overestimate of the Gaussian function (see Fig. 6). On the other hand, for 

, the asymptotic error is about –0.8 dB, due to the 1 dB underestimation produced by the 

Gaussian function in that direction (see Fig. 6). At distances from the antenna closer than one 

wavelength, a region dominated by reactive energy, the formulae provide inaccurate results. 

060
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IV.c Accuracy of the prediction formulae for the compliance distance 

As mentioned earlier, the simplified compliance distance expressions (16) introduce a slight 

overestimate (~8%  ~0.3 dB) compared with the exact expressions that would be derived by 

inverting the power density prediction formulae. It turns out that such an overestimate occurs 

mainly around the transition-point distance, and has the net effect of compensating almost ex-

actly the slight underestimation produced by the power density prediction formulae about that 

distance. This favorable feature can be observed in the results reported in Figs. 11 and 12 for the 

omnidirectional and sector arrays, respectively. In the figures, the compliance distance is plotted 

versus the parameter q introduced earlier. A very good agreement between predicted and actual 

compliance distance can be observed in all cases. Thanks to the slight conservative bias they in-

troduce, the prediction formulae (16) always overestimate the actual compliance distance. The 

overestimation vanishes at large distance. In the array near-field, the prediction formulae for ˆ

describe an envelope to the actual, rather complicated behavior. The formulae for  introduce 

only a slight overestimation in the near-field. 

All the above-mentioned characteristics are favorable features of the compliance distance 

prediction formulae (16). In the array near-field, where it is more likely that scattering from the 

floor and nearby objects may perturb the array field, larger overestimation is introduced by the 

prediction formulae. Smaller overestimation is introduced moving towards the transition-point 

distance and then the far-field, as scattering effects are less likely to occur. For instance, an roof-

top installation may feature the antenna mounted a few meters from the edge of the building, and 

maintenance personnel may have access to the area in front the antenna, i.e., in its near-field. On 

the other hand, windows in nearby buildings that may be facing the installation are in the array 
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far-field. Finally, observe that a lesser degree of overestimation is introduced on compared to 

ˆ , which reflects the fact that the average is more robust than the spatial-peak power density 

with respect to scattering in the array near-field.

IV.d Accuracy of the prediction formulae for electrically tilted beam arrays 

The prediction formulae derived in Appendix F, relative to arrays whose main beam is electri-

cally down-tilted so as to produce a desired ground illumination, will be verified with an eight-

element omnidirectional array. Figure 13 displays the reference frame defined by the array beam

down-tilt angle . The array has the characteristics described earlier, except for a 60-degree pro-

gressive phase shift between feeds that produces a down-tilt of the main beam, with 

peak directivity . The transition-point is 

09.5

0 47.5r11.15AD dBi 0 . For brevity’s sake, in Fig. 14 

we only report the comparison between predicted and exact compliance distance. The compari-

son is carried out for distances greater than one wavelength along the beam peak direction . In 

the computations, we have discarded intercepting conical surfaces that get within one wave-

length from the array axis ( 0  in Fig. 13), effectively starting the computation at a distance 

0 sin
cos 2

Lr .        (21)

From Fig. 14, we observe that both prediction formulae provide the desired conservative bias at 

distances greater than 01.6r .

V. CONCLUDING REMARKS

The peak power density prediction formulae derived in this paper, combined with those for the 

average power density derived in [21], can be employed to perform compliance assessment near 
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base-station antennas with respect to both IEEE and ICNIRP RF safety guidelines. It may be ap-

preciated that the analytical complexity of the peak power density formulae has not increased, 

compared with the average power density formulae, even though the behavior of the physical 

quantity they describe is far more complicated. They are based on a cylindrical propagation 

model of the array near-field, which was rigorously demonstrated for collinear arrays and exten-

sively verified also for arbitrarily polarized sector arrays, including those featuring non uniform

feeding profiles [21]-[22], [25].

The prediction formulae have a built-in conservative bias in order to yield an overestima-

tion of the actual exposure levels, which is desirable for compensating perturbations due to the 

environment, e.g., floor reflections. The formulae are applicable to broadside arrays regardless of 

the feeding profile of its elements, as long as the array exhibits a single main beam. As discussed 

in Appendix F, it is possible to use them even for arrays whose radiation beam is electrically 

down-tilted, provided they are reformulated in a suitable reference frame.

Some basestation antennas may exhibit dual polarization. Since the accuracy of the pre-

diction formulae presented herein has been verified for vertically and horizontally polarized ar-

rays, they allow the analysis of dual polarized antennas as well.

In the near future, smart antenna and MIMO (multiple-input multiple-output) techniques 

will be implemented at basestation to increase infrastructure capacity. These techniques produce 

variable antenna beams that are generated adaptively to respond to changing electromagnetic en-

vironment and mobile transceiver’s position. The RF safety compliance near such installations 

will certainly present a challenge, as well as an interesting research topic, if overly conservative 

assessments are to be avoided. 

Finally, let us remark that, regardless of the array size, at distances closer than one wave-

length from the array the reactive field is dominant due to the proximity to the individual radiat-
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ing elements. In such a case, the near-field coupling of exposed subjects with the RF source 

should be assessed by means of specific absorption rate (SAR) measurements, e.g., in human-

like shaped phantoms. That is the case, for instance, of the exposure to wireless handsets [4]. 

Even though the likelihood of requiring compliance assessments at such short distances is quite 

slim in the case of outdoor basestation installations, it may become necessary in the case of low-

power pico-cell infrastructure for voice and data, which may utilize hub stations in environments

that do not allow enforcement of compliance distances, e.g., installing fences, easily. There will 

be a need to define standard SAR assessment procedures, similar to those employed in [31], for 

this kind of operating conditions. 
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APPENDIX A. THE ARRAY FIELD AND ITS ASYMPTOTIC REPRESENTATION

The electromagnetic field radiated by an arbitrary collinear array antenna may be computed by 

integrating the free-space dyadic Green’s function with the traveling wave representation of the 

current distribution excited along the antenna axis. Such a representation, which has been chosen 

so as to allow a global analysis of the array field characteristics [22], is obtained in terms of spa-

tial Fourier harmonics referred to the reference frame defined in Fig. 1 

0
1

2, ,
2

n nj z j z
n n n

n

LI z I I e I e n z
L

 , (A1)

where  is the antenna length. In (A1), L 0I  is the current amplitude of the zero-th order spatial 

harmonic, i.e., the average value of the total current, nI  and nI  are the n-th traveling wave cur-

rent amplitudes, and n  is the corresponding spatial wavenumber. The exact array field, is ex-

pressed in terms of propagating and evanescent Truncated Floquet Waves (TFWs) that are ob-

tained by integrating the current distribution (A1) with the free-space dyadic Green’s function 

0 ,0 , ,
1

( ) ( ) ( ) , ( , )n nj z j z
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0 ,0 , ,
1
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n nn n

n
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where , and , are the n-th spatial Floquet harmonics defining the electric and 

magnetic field distribution, respectively [22]. This field representation applies in general to non-

uniform collinear arrays, and simplifies if the current distribution is symmetric (broadside ar-

rays) or anti-symmetric. As shown in [22], Truncated Progressive Floquet waves (TPFWs) gen-

erate the main beam (zero-th order harmonic) and the secondary beams, while Truncated Eva-

nescent Floquet Waves (TEFWs) represent the reactive field responsible for the energy storage 

nE r nH r
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near the array axis. The field is expressed in terms of GO and diffracted ray-fields. The GO field

is responsible for the cylindrical wave character observed in the array near-field, while the dif-

fracted field produces the transition toward the spherical wave-propagation regime.

APPENDIX B. DEFINITION OF THE TRANSITION FUNCTION

The transition function employed in the expressions of the electromagnetic field produced by the 

fundamental as well as by the higher current harmonics is defined as follows 

2
2tF e e d ,       (B1)

with the principal value of the square root defined with the branch-cut along the negative real-

axis. This function, responsible for the field transition toward the spherical wave-propagation 

regime, assures the required continuity of the total electromagnetic field across the shadow 

boundaries of the GO field [22]. The function tF  has the following asymptotic representa-

tions

1

0
0

2
, 0

2 1
( ) ~

11
2

k

k
h kt

e
h

F

, .      (B2)

APPENDIX C. POWER RADIATED FROM THE ZERO-TH ORDER CURRENT HARMONIC

The real power radiated from a thin current filament of length L, excited by a current of ampli-

tude 0I , is computed by integrating the equivalent power density over a closed sphere located in 

the far-field, where the electromagnetic field components are expressed in spherical coordinate 

as follows
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0 0 0( ) ~ ( ) sinc cos sin
2r

LE j g r I Lr  ,    (C1)

0 0( ) ~ ( ) sinc cos sin
2r

LH j g r I Lr  ,    (C2)

where  is the free-space Green’s function, 0 ( )g r 0  is the free-space wave impedance,

02 /  is the free-space wavenumber, and sinc sin / . The corresponding distribu-

tion of the spatial power density is 

2
02 20) sinc cos sin

2 4 2r
r

I L L
r

2( ~S r ,     (C3)

so that the radiated power W  , found by integration over a sphere, is rad

2 2
2

0 0
cos sin 2 Si( )

4rad
L L L L L LW I

L
 . (C4)

The sine integral function Si  in (C4) has the following large-argument asymptotic represen-

tation

0

sin cosSi ~
2

d .      (C5)

Using (C5), we can determine the asymptotic limit for the radiated power from a large current 

filament

2
0~

8rad
L

LW 0I  .       (C6)

It is extremely interesting to notice that (C6) coincides with the real power flow, across a cylin-

der of length L coaxial with the array, due to the GO field alone [22]. Therefore, the average 

power density of the cylindrical GO field is
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2
0

02 1
GO rad
cyl 6

IWS
L

 .      (C7)

It can be easily verified that (C7) gives a good approximation of the power density radiated by a 

current line with 0 4L .

APPENDIX D. DERIVATION OF THE PEAK DISTANCE

Equation (9) is rewritten in terms of normalized dimensions (indicated by the tilde) as follows

2 3 2 ( ) 2 ( )
42 2( ,0) 1

j r j r
T e

L r r L r
4e  (D1) 

where 0/ , 0/r r , and 0/L L . For moderate size arrays ( ), the first-order es-

timate for the peak distance provided by Eq. (37) in [22] is . The real part of (D1) is 

found as follows 

2L

/ 32
peak L

3*

2 2 2

( , ) ( , ) 4 2( , ) 1 1 cos 2 ( )
2 4R

T L T LT L r
L r L r r

            (D2)

Since we are interested in finding the location of the main peak of this function, we can ap-

proximate the slowly varying function / 1r , and rewrite the argument of the cosine making

the following approximation

2 2 211 1
2 2 2
L Lr

8
L ,   (D3) 

thereby obtaining the following function 

2

2 2 2

4 4( , ) 1 cos
4 4
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L L
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which can be used to estimate the location of the peak. Notice that (D4) can be written as a func-

tion of the variable 2/ L  as follows 

2
2

4 4( ) 1 cos
4 42 .     (D5)

The first-order estimate of the peak distance in [22] (corresponding to 1/ 3 ) was deter-

mined by enforcing the cosine’s argument to be equal to , therefore we can expand the cosine 

about as follows

2
2

2 2

4 4 1( ) 1 1
2 4 4

,    (D6)

yielding the following analytical condition for its derivative 

4 2
2

4

4 9 8 3 3
8 4( ) 08  .    (D7)

Notice that we expressed the numerator in (D7) in biquadratic form, with the highest-order coef-

ficient showing a weak dependence on  in the surroundings of 1/ 3 0.577 , where we 

expect to find the solution. Because of this weak dependence, we can substitute this starting 

value into said coefficient and obtain the following biquadratic equation

4 2
2

4 9 8 1 3 3 0
8 3 4 8

,     (D8)

which can be solved analytically yielding the real and positive solution 0.622peak , corre-

sponding to , thus leading to Eq. (10). Notice that this value, being close to the 

first order approximation presented in [22], legitimizes the approximations used to derive Eqs. 

(D3), (D6), and (D8). 

20.386peak L
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APPENDIX E. AVERAGE POWER DENSITY PREDICTION FORMULA FOR SECTOR ARRAYS

At distances closer than the transition-point 0 , the power flow is essentially confined in the 

cylinder enclosing the array antenna, so the average power density can be written as 

, ,
2 2

radW LS
L 2

Lz ,      (E1)

where the function , describing the azimuth pattern variation, must obey the following 

constraint if all the real power is to flow through the lateral cylinder surface 

/ 2

/ 2

,
L

rad
L

dz S d W d 2 .    (E2)

In general, we can assume the azimuth variation in the form 0 , with the condition 

, where 0 1

0
2

d
.        (E3)

A good representation of the azimuth variation for antennas exhibiting a single main lobe at 

broadside is provided by the Gaussian profile

2
32 ,dB ,       (E4)

where 3dB  is the half-power horizontal beamwidth, which, for 3 / 2dB , yields 

0
3 3

2 ln 2 3

dB dB

.        (E5)

The prediction formula for the average power density, incorporating the transition function from

cylindrical to spherical propagation regime [21], becomes
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The transition-point 0  is found by enforcing that the power density (E6) along broadside con-

verge to its far-field expression 

3
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4 6
rad A dB
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W DS D L .     (E7)

where  is the antenna broadside directivity. Notice that directivity is employed here instead of 

the gain, as we did in [21] where we had assumed lossless radiators. The effects of ohmic and 

mismatch losses can be straightforwardly incorporated in the prediction formulae by writing 

 as a function of the antenna efficiency. For all practical purposes, (E6) can be simplified

(

AD

1

radW

/ 3 ) further as follows 
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Unlike the expressions previously proposed in [21], (E8) does not require knowledge of the array 

antenna reflector angle, but only readily available antenna parameters. Also notice that (E8) is 

equivalent to the expression proposed and numerically validated in [25], provided the aforemen-

tioned approximation is made.

APPENDIX F. PREDICTION FORMULA FOR ELECTRICALLY TILTED ARRAYS

To some extent, electrical beam downtilt can be interpreted as the physical tilt of an equivalent, 

shorter, broadside array, as shown in Fig. 13. For an omnidirectional array, we can determine the 

baseline for the average power density dividing the total radiate power by the intercepting sur-

33



Cicchetti and Faraone Estimation of the peak power density in the vicinity of cellular and radio base station antennas

face that in this case is conical rather than cylindrical. Based on the notations of Fig. 13, we ob-

tain

2,
2 cos 2 cos

rad rad
r

W WS r
L r L

,      (F1)

where  is the beam tilt angle. Notice that another possible choice for the intercepting surface is 

represented by the cylindrical surface indicated in Fig. 13, which is orthogonal to the terrain, so 

measurements would most likely be carried out across that surface. Real power trough either sur-

face is identical in the array far-field. We chose the conical surface since it provides a conserva-

tive bias in the power density estimate due to the smaller averaging surface. 

As done in [21], enforcing the constraint that the average power density eventually coin-

cide with its far-field expression, we obtain

2
02

2

0

, ,
2

2 cos 1

rad
r

W LS r r D
rr L
r

cosA ,    (F2) 

Notice how the transition-point may become significantly closer then for broadside arrays, due to 

the shorter antenna aperture when looking from the direction of peak directivity. This effect is 

more pronounced the greater the tilt angle. It further indicates that the transition to the spherical 

propagation regime occurs even earlier for the secondary lobes of the array pattern. This is an 

interesting consideration, as it suggests that the exposure to the field emitted by the secondary 

lobes of basestation antennas, which typically occurs at ground level near the base of their masts

or in nearby buildings, may be readily predicted neglecting the antenna aperture by means of the 

simple spherical propagation model.

Also in this case, the peak power density prediction formula can be derived by introduc-

ing the  magnification factor, as follows 2peakR
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The formal similarity between these expressions and (12), (13), upon substituting 2cosL L ,

suggests that the corresponding compliance distance can be predicted by means of the following 

formulae, formally identical to (16a) and (16b) 

0 24 1
qr r S r

q
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0 24
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with

22cos
rad

A
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L D S
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The prediction formulae for tilted array just derived do not take into account the forma-

tion of grating lobes near endfire, whose power content typically becomes significant for tilt an-

gles greater than 100. Hence, we delimit conventionally the validity of these formulae to the 

range 010 .

For brevity’s sake, the corresponding expressions for sector arrays are not presented here, 

as they can be easily derived following the approach outlined in Appendix E. 
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FIGURE CAPTIONS 

Fig. 1 Broadside collinear array of half-wave dipoles and associated reference frame.

Fig. 2 Fluctuation of the interference term for different electrical length of the antenna. The 

value of the peak overshoot converges rapidly to (11) as the length is increased. 

Fig. 3 Normalized compliance distance for peak and average power density limits; (a) tran-

sition from near to far-field as a function of the parameter q for the simplified expres-

sions, and (b) overestimate they introduce compared to the exact solutions in (16).

Fig. 4 Reflector-backed sector arrays comprising five half-wave dipole elements; (a) verti-

cally polarized, and (b) horizontally polarized. 

Fig. 5 Fluctuating behavior along broadside of the peak and mid-plane power density ratios 

versus average power density, for (a) a five-element collinear array, and (b) an eight-

element collinear array with 0 . Dotted lines delimit the range of validity of the 

present theory ( 0 ).

Fig. 6 Comparison between the computed azimuth pattern of the five-element, vertically 

polarized sector antenna described in Fig. 4a and the corresponding Gaussian fit (Eq. 

(E4) with 0
3 37dB ).

Fig. 7 Fluctuating behavior along broadside of the peak-to-average and mid-plane-to-

average power density ratios, for (a) the vertically polarized, and (b) the horizontally 

polarized sector arrays described in Fig. 4. Dotted lines delimit the range of validity 

( 0 ) of the present theory. 

Fig. 8 Prediction error along broadside for the (a) five, and (b) eight-element collinear ar-

rays. The black curve is obtained using Eq. (13), while the gray one is obtained using 

Eq. (12). 
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Fig. 9 Prediction error along broadside for the (a) vertically polarized and (b) horizontally 

polarized sector arrays described in Fig. 4. The black curve is obtained using Eq. 

(15); the gray one is obtained using Eq. (E8). 

Fig. 10 Prediction error along the directions (a) , and (b)  for the vertically 

polarized sector array described in Fig. 4a. The black curve is obtained using Eq. 

(15), while the gray one is obtained using Eq. (E8). 

030 060

Fig. 11 Comparison between predicted and actual compliance distance with respect to peak 

and average power density limits, for the (a) five, and (b) eight-element collinear ar-

rays. The dotted lines are obtained by means of the prediction formulae (16), whereas 

the solid lines are derived from the field values computed using NEC. The corre-

sponding prediction error is reported in the encapsulated graph. 

Fig. 12 Comparison between predicted and actual compliance distance with respect to peak 

and average power density limits, for the (a) vertically polarized, and (b) horizontally 

polarized sector arrays described in Fig. 4. The dotted lines are obtained by means of 

the prediction formulae (16), whereas the solid lines are derived from the field values 

computed using NEC. The corresponding prediction error is reported in the encapsu-

lated graph. 

Fig. 13 Reference frame defined by the array beam down-tilt angle .

Fig. 14 Comparison between predicted and actual compliance distance with respect to peak 

and average power density limits, for the eight-element collinear array exhibiting 

 beam down-tilt. The dotted lines are obtained by means of the prediction 

formulae (F4), whereas the solid lines are derived from the field values computed us-

ing NEC. The corresponding prediction error is reported in the encapsulated graph.

09.5
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TABLE I: Definition of the parameters in Eqs. (16). Depending on 
the exposure standard, the applicable limit  is either S S  or .Ŝ

ARRAY TYPE 0
q

OMNIDIRECTIONAL
2A
LD 2

rad

A

W
L D S

SECTOR 3

6
dB

AD L

2

3

2 2
3

3 2 dB
rad

dB A

W
L D S
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Ŝ

S

FIG. 8b

OMNI 8 ELEMENTS



-0.50

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

0.1 1 10 100 1000

Pr
ed

ic
tio

n 
Er

ro
r

 [d
B

]

0/

06.4peak

Ŝ
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